Abstract Recent developments in hydrometeorological modeling aim toward a more sophisticated treatment of terrestrial hydrologic processes. The objective of this study is to investigate the role of lateral terrestrial water flows on the regional atmospheric and terrestrial water cycle in a humid region of Central Europe. This is accomplished by evaluating model results from both the standard Weather Research and Forecasting (WRF) model and the hydrologically enhanced version WRF-Hydro, which allows for a more comprehensive process description of the interdependencies between water and energy fluxes at the land-atmosphere interface. To account for internal model variability, an ensemble for each model variant is generated for a 3-month study period in the summer of 2005. The regional water cycle in the simulation domain is investigated by evaluating the ensemble results with a joint atmospheric-terrestrial water budget analysis. We focus on six differently sized river catchments located in Southern Bavaria (Germany) and the southerly adjacent Eastern Alps, where simulation results are compared to observations of precipitation, near-surface temperatures, and streamflow. Most prominently, WRF-Hydro increases (near-) surface runoff and decreases percolation, resulting in a reduced total runoff amount. Accordingly, soil moisture storage and evapotranspiration are increased. Domain-averaged precipitation differences between WRF and WRF-Hydro are essentially related to differences in atmospheric moisture inflow and outflow, which is the signature of internal model variability and is potentially enhanced in the WRF-Hydro ensemble. Driven only at the boundaries of the outermost domain, the fully coupled model system shows good performance in the reproduction of observed streamflow.
Introduction
By moderating the distribution and partitioning of moisture and energy fluxes, the interactions between land surface and the overlying atmosphere can play a large role on modulating weather and climate (Yang, 2004) . The climatological context for understanding the importance of land-atmosphere coupling is important to recognize. For example, Koster et al. (2003) found evidence for soil-moisture-precipitation feedbacks in a 50-year observational data set covering the United States. Subsequently, using global models, Koster et al. (2004) identified several regions where an improved soil moisture initialization might enhance the seasonal precipitation forecasts. Such "hot spots" are located in transition zones between wet and dry climates. Koster et al. (2004) suggested that in wet climates evaporation is mainly controlled by the net radiative energy, whereas in dry climates it is keenly sensitive to soil moisture but is often too small to significantly affect precipitation. This characterization leaves so-called "transitional" zones as most likely regions with strong links between soil moisture and precipitation. Our understanding of this land-atmosphere coupling is, however, hindered by a limited knowledge of surface and subsurface processes modulating the hydrological cycle (e.g., Brooks et al., 2015) . Zhang et al. (2008) further examined the role of land-atmosphere coupling in influencing interannual summer climate variability over the contiguous United States. Besides the effects of soil moisture on precipitation, they also found a strong coupling between soil moisture and the mean temperatures over a zone extending from the southwest United States to the northern Great Plains to the southeast. More particularly, soil moisture explained most of the variability in maximum surface temperatures in this area, whereas the minimum surface temperatures were mainly governed by external influences like atmospheric circulation and sea surface temperatures. However, the results of Zhang et al. (2008) did not directly support the hot spot hypothesis of Koster et al. (2003) , that is, a strong soil moisture-precipitation coupling, for this area, at least on the interannual timescale. With respect to climate change, Seneviratne et al. (2006) suggested that the increase in summer temperature variability predicted in central and Eastern Europe is mainly due to feedbacks between the land surface and the atmosphere. They pointed out that land-atmosphere interactions increase climate variability in this region because of climatic regimes in Europe shifting northward in response to increasing greenhouse gas concentrations. Besides the soil-moisture-precipitation feedbacks, the importance of soil-moisture-temperature feedbacks was also emphasized, potentially influencing summer climate variability and northward migration of the climate zones.
Being characterized by a relatively humid, midlatitude climate, Southern Germany is not considered to be a hot spot of soil moisture-precipitation feedback according to Koster et al. (2003) , although it might become a dry-wet transition zone in the context of climate change (Seneviratne et al., 2006) . It is nevertheless expected that soil moisture significantly affects precipitation in this area during summer, when large-scale forcing is weak (Corsmeier et al., 2011; Kottmeier et al., 2008) . There is, however, a lack of consensus for Central Europe, and in particular for the region north of the Alps, what the nature of the soil moisture-precipitation and soil moisture-temperature coupling is. Specifically, it is not clear to what degree soil moisture influences the occurrence and amount of warm season precipitation in this region.
Based on data from the Convective and Orographically induced Precipitation Study that took place in southwestern Germany and eastern France in the summer of 2007, Kottmeier et al. (2008) investigated the role of land surface condition on precipitation at weather timescale. They concluded that the triggering or modification of convection was often bound to spatial inhomogenities of land use and soil water distribution. Under such weak synoptic forcing, surface and subsurface state variables controlled the energy balance of the Earth's surface that, in turn, produced inhomogenities in the atmospheric temperature and moisture fields, ultimately determining if and where the convective temperatures were reached. Corsmeier et al. (2011) further described convective initiation as a two-way interaction from larger and longer scales (e.g., upper tropospheric processes) down to smaller and shorter scales (e.g., boundary layer and soil-surface driven processes) and vice versa. showed that an enhanced treatment of subsurface hydrological processes in a climate model, for example, 3-D groundwater flow, potentially improves the representation of seasonal precipitation.
Atmospheric models are usually coupled with traditional one-dimensional column land surface models (LSMs). Such models neglect the contribution of lateral terrestrial water flow to the local soil water budget, which may not be a valid approximation at high resolution (i.e., grid spacing lower than 10 km). This is especially the case for complex terrain, where large slope angle exists and therefore large horizontal soil moisture redistribution is expected.
Several efforts have been undertaken in the last 10 years to improve the representation of soil moisture-related processes in atmospheric models. Maxwell et al. (2007) coupled a variably saturated groundwater flow model and a surface runoff scheme to a mesoscale atmospheric model and examined the effects of soil moisture heterogeneity on atmospheric boundary layer processes. Compared to the control simulation without above mentioned enhancements, the coupled model showed impacts on the distribution of soil moisture, as well as on the spatial and temporal correlations between surface and lower atmospheric variables and water table depth. Likewise, Maxwell et al. (2011) coupled the hydrologic model ParFlow with the Weather Research and Forecasting (WRF) model (Skamarock et al., 2005) and applied it to the Little Washita watershed in the southern Great Plains. Across a range of microphysics parametrizations, they identified several significant differences between the coupled and uncoupled simulations concerning the magnitude, timing, and spatial distribution of rainfall and runoff. The improved representation of runoff mechanisms and the ability of lateral water flow in Parflow-WRF led to a different spatial pattern of land surface fluxes and affected atmospheric variables with relevance to wind energy applications. A series of works by Fan et al. (2007) , Miguez-Macho et al. (2007) , Anyah et al. (2008) , Leung et al. (2011 ), Shrestha et al. (2014 , Rahman et al. (2015) , , Larsen, Højmark Rasmussen, et al. (2016), and Wagner et al. (2016) have also explored the issue of atmospheric coupling to groundwater. Specifically, Anyah et al. (2008) applied the coupled regional climate-hydrologic modeling system RAMS-Hydro over North America to investigate the impact of water table dynamics on evapotranspiration ET and precipitation. Anyah et al. (2008) quantified the relative contribution of ET and large-scale moisture convergence to precipitation with a budget of atmospheric water. In the arid western region (i.e., Arizona), the inclusion of a water table in the model induced greater ET, which resulted in higher precipitation rates through precipitation recycling. Conversely, in the more humid eastern regions, precipitation was mainly driven by the atmospheric circulation. Leung et al. (2011) used the coupled MM5-VIC modeling system to investigate the influence of soil, vegetation, and climate on the groundwater table dynamics for 13 regions of the continental United States. Considering also potential feedbacks to the atmosphere, it was shown that groundwater table dynamics can influence the vertical soil moisture distribution and therefore impact the partitioning of sensible and latent heat fluxes at the surface, which in turn influences atmospheric processes. Rahman et al. (2015) performed an ensemble of fully coupled subsurface-land surface-atmosphere simulations for two convective precipitation events over Western Germany. They found that groundwater dynamics have an impact on soil moisture, surface fluxes, boundary layer dynamics, and precipitation, so that neglecting it would introduce a systematic uncertainty in the model. Wagner et al. (2016) further showed for a 7-year simulation in Southern China that including a groundwater coupling to the WRF model can modify the spatial distribution of simulated precipitation but does not necessarily change the overall amount.
A coupling platform between WRF and a set of hydrological models, referred to as WRF-Hydro, has been released by Gochis and Chen (2003) and Gochis et al. (2015) . WRF-Hydro can be used in an uncoupled mode for model calibration and flood forecasting (Givati et al., 2016; Senatore et al., 2015; Yucel et al., 2015) , as well as in a coupled mode to investigate land-atmosphere feedbacks (Arnault et al., 2016; Senatore et al., 2015) or to integrate it into a decision support system for early flood warning (Fredj et al., 2015; Givati et al., 2016) . Applying WRF-Hydro in a coupled mode for the Crati river basin in Southern Italy, Senatore et al. (2015) obtained lower surface runoff, higher soil moisture contents, and increased drainage in comparison to a WRF simulation. Arnault et al. (2016) found a similar result for the Sissili catchment in West African, particularly at the beginning of the rain season when soils were still dry. Senatore et al. (2015) and Arnault et al. (2016) brought further evidence that surface and subsurface lateral water flow potentially affect precipitation (e.g., Anyah et al., 2008; Maxwell et al., 2011; Wagner et al., 2016) . Kerandi et al. (2018) conducted a joint atmospheric-terrestrial water balances analysis to compare WRF and WRF-Hydro simulations of a Kenyan river basin. They found that the enhanced treatment of hydrological processes in WRF-Hydro was associated with small changes in evapotranspiration and atmospheric moisture convergence, resulting in small differences in the total precipitation amounts.
The above studies demonstrated the potential role of soil moisture lateral redistribution on all components of the water cycle. In this study, this effect is further investigated for Southern Germany and the Central Alps from June to August 2005, as lateral soil moisture redistribution is expected to be enhanced in such a complex terrain region during the warm season. For this purpose, two time-lagged WRF and WRF-Hydro ensembles are generated in order to estimate the internal model variability. The role of terrestrial lateral water flow on the simulated components of the water cycle is assessed with a joint atmospheric-terrestrial water budget analysis for the two ensembles (e.g., Anyah et al., 2008; Kerandi et al., 2018) . Beyond that, simulated streamflow amounts from the fully coupled WRF-Hydro ensemble are compared to hourly observations for six catchments with varying sizes and properties. Model descriptions and setups are provided in section 2. The study region and simulation period are presented in section 3. Section 4 addresses the method to calibrate the hydrological module in WRF-Hydro and details the joint atmospheric-terrestrial water budget analysis. Results are discussed in section 5, and a conclusion is finally given in section 6.
Model Descriptions and Setups

WRF
The WRF model described in Skamarock et al. (2005) is a state-of-the-art meteorological model that is used by a broad range of scientific and operational users. It can be used for a wide variety of applications and scales ranging from global scale to large-eddy simulations. It contains several parametrization options for microphysics, long and shortwave radiation, planetary boundary layer, cumulus, and the land surface. In this study the dynamical core of the Advanced Research WRF in version 3.7.1 is used. It solves the nonhydrostatic Euler equations on a hybrid vertical terrain following coordinate system using a Runge-Kutta time integration scheme on an Arakawa-C grid.
The static land surface physiographic input is generated by the standard WRF preprocessing algorithms for three domains in a telescoping "nesting" configuration whose horizontal grid spacings are 27, 9, and 3 km (see Figure 1) . The initial and lateral boundary condition of the outer domain is provided by ERA-Interim reanalysis data from the European Center for Medium-Range Weather Forecasts (Dee et al., 2011) . The focus here is on the third (finest) computational domain centered on Southern Germany, with a spatial extension of 432 km × 459 km (Figure 2 ). Improving the global database used by the WRF preprocessing system, the land use information in this third domain is replaced with a reclassified version of the CORINE (Coordination of Information on the Environment) land cover data set (Büttner & Kosztra, 2007) displayed in Figure 3a . The soil texture data are generated by combining data from the European Soil Database (Panagos et al., 2012) with data extracted from the Harmonized World Soil Database (HWSD; Fischer et al., 2008) , as displayed in Figure 3b . The coupling between the domains is "two-way" such that there is feedback from the inner domain to the larger outer domain. The WRF physics parameterizations, listed in Table 1 , are chosen based on the findings of Suklitsch et al. (2011) , who evaluated various parameterizations for high-resolution simulations over the European Alps.
Land-atmosphere exchange processes are described with the Noah LSM, a single column model (Chen & Dudhia, 2001 ). The Noah LSM has the ability to simulate both frozen and liquid soil moisture, soil temperature, skin temperature, snowpack water equivalent, canopy water content, and the energy and moisture fluxes at the Earth's surface (Chen & Dudhia, 2001) . It includes four soil layers within a 2-m soil column. The main hydrological components are throughfall, reevaporation of rainfall intercepted by the canopy, soil infiltration, direct soil evaporation, vertical soil water movement, plant transpiration, surface runoff, and percolation out of the fourth soil layer at 2-m depth (Ek et al., 2003) . Surface runoff is conceptualized as infiltration 
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Journal of Geophysical Research: Atmospheres capacity exceedance and percolation as drainage through the bottom of the soil column. The Noah LSM was chosen for this study because of its robustness and efficiency, shown by a great number of studies including both offline and coupled applications of the model. It is acknowledged that the Noah LSM with multiparametrization options (Noah-MP; Niu et al., 2011) offers more control over certain aspects of the simulation by providing multiple parametrizations with varying degrees of complexity to choose from, for example, with regard to the treatment of snowpack processes, stomata conductance, or the representation of groundwater. This, however, should not affect our conclusions, since the focus of this study is mainly on the response of the coupled model toward the additionally resolved lateral redistribution of soil moisture and surface water with otherwise identical parametrizations and settings.
WRF-Hydro
WRF-Hydro extends the traditional one-dimensional land surface parametrization in WRF by providing a framework for multiple terrestrial physics options including overland flow, subsurface flow, channel flow, and a bucket model to account for baseflow, as illustrated in Figure 2 . The lateral terrestrial water redistribution is computed on a subgrid, which can have a horizontal resolution different from that of the WRF grid. In our WRF-Hydro simulation the subgrid, derived from the Hydrosheds data set (Lehner et al., 2008) , is coupled with the third WRF domain (Figure 4 , left) and has a horizontal grid spacing of 100 m. Infiltration excess and soil moisture content from the four soil layers of the Noah LSM are disaggregated to this subgrid. This results in a disaggregation ratio of 30 between the 3-km LSM grid and the 100-m routing subgrid.
One fundamental enhancement WRF-Hydro makes to the existing 1-d Noah LSM is that infiltration capacity excess is allowed to remain within the model domain as "ponded water" that is subsequently available for lateral redistribution. Another improvement in WRF-Hydro is the lateral redistribution of soil moisture within the 2-m soil depth, which allows for exfiltration from fully saturated soil columns. The method used to calculate the lateral flow of moisture is the two-dimensional approach from Wigmosta et al. (1994) and Wigmosta and Lettenmaier (1999) , which is also implemented in the Distributed Hydrology Soil Vegetation Model (see Gochis et al., 2015) . 
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Overland flow is calculated when the depth of ponded water in a grid cell exceeds a specified retention depth, a tunable parameter of the order of 1 mm. Ponded water depths below the retention depth do not move and are subject to future infiltration or direct evaporation. A steepest descent ("D8") directionality search based on total head gradient (i.e., elevation plus water depth) is used, and the fully unsteady, spatially explicit diffusive wave formulation of Julien et al. (1995) with a later modification by Ogden (1997) calculates the propagation of shallow overland flow waves (see Gochis et al., 2015) . Finally, overland flow reaching a channel grid cell is considered as channel inflow (see below) or, alternatively, as near-surface runoff.
An explicit channel routing algorithm is used to simulate in-channel streamflow processes. The routing is executed on a pixel-by-pixel basis along a predefined channel network with trapezoidal geometry. The channel parameters are side slope, bottom width, and roughness, which are defined a priori as functions of the Strahler stream order and tunable via model calibration (Table 2 ). Channel inflow is received from overland flow and is currently limited in one direction, that is, there is no explicit overbank flow or representation of inundation areas. The channel routing algorithm uses an implicit, one-dimensional, variable time stepping diffusive wave formulation, which is a simplification of the more general St. Venant equations for shallow water wave flow (see Gochis et al., 2015) .
The baseflow bucket model is linked to WRF-Hydro via the drainage out of the bottom layer of the 2-m Noah LSM soil column, that is, the percolation term. A bucket is defined for each subcatchment area. The so-called passthrough option is used here, which equally redistributes percolation to all channel segments within the subcatchment reach (see Gochis et al., 2015) . This conceptual approach aims at evaluating the baseflow contribution to streamflow but does not resolve groundwater feedbacks to the 2-m Noah LSM soil column.
After the execution of the routing and baseflow modules, the fine grid values of soil moisture and ponded water are aggregated back to the native LSM grid, using a simple linear average operator. These updated Journal of Geophysical Research: Atmospheres values are then passed on to the next iteration of the LSM. Weighting factors based on the subgrid distributions of soil moisture and ponded water depth are assigned for the routing grid, which will be used upon the next disaggregation of model values from the 1-d LSM .
It is noted that WRF-Hydro can be run in "uncoupled" and "coupled" modes. Uncoupled WRF-Hydro refers to the hydrologically enhanced LSM using a user's specified atmospheric forcing. In the "fully coupled" WRFHydro the simulated atmosphere is affected by the enhanced LSM. This coupled framework allows investigating the impact of lateral redistribution of ponded water and soil moisture on the simulated terrestrial and atmospheric components of the water cycle.
Model Adjustments
Runoff generation in WRF-Hydro is sensitive to three global parameters of the Noah-LSM, specified in the general parameter table GENPARM.TBL, that is, REFKDT, REFDK, and SLOPE (e.g., Yucel et al., 2015) :
. An infiltration capacity scaling parameter, which impacts the surface infiltration and hence the partitioning of rainfall into infiltration, ponded water, and horizontal routing components.
• REFDK [.] . An infiltration capacity scaling parameter, which influences the soil saturation hydraulic conductivity.
• SLOPE [.] . A percolation scaling parameter.
The first two parameters REFKDT and REFDK are used in the computation of the amount of infiltration excess Q sfc by using the following equations:
where P is the precipitation rate and I max the soil infiltration rate. In the WRF model, Q sfc is considered as the surface runoff and is removed from the model. In WRF-Hydro, this infiltration excess is spatially redistributed and may infiltrate at a different time and location. I max is computed as follows: To relax this constraint, the model code has been modified to allow a domain-specific spatial distribution of these parameters for the innermost domain of the WRF-Hydro simulation, based on land management data sets from the European Environment Agency ( Figure 5 ). In particular, regions modified by human activities, like infrastructure and farming activities, are likely to generate increased amounts of surface runoff due to soil sealing and/or compaction, which corresponds to smaller values for REFKDT and larger values of REFDK (see Figures 5a and 5b ).
The third parameter SLOPE, another parameter specified in GENPARM.TBL, is a scaling factor modifying the percolation Q perc (mm)
where K 4 (mm) is the drained water from the bottom layer predicted by Richard's equations and Slope is a scaling factor. The spatial distribution of the SLOPE field is done in a similar manner as REFDK and REFKDT. Areas with an impermeable layer within the first 2 m of the soil column are assigned a SLOPE value of 0.0,
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A parameter specific to the WRF-Hydro model system is the Manning's roughness coefficient n [.], which describes the roughness of the channel grid cells as a function of Strahler stream order. The values given in Table 2 were adopted from previous test simulations (not shown). As channel inflow is currently one way only, the computational time can be reduced by switching off the channel routing outside of the area of interest, without introducing model inconsistencies.
It is noted that the above mentioned Noah-LSM parameters have been modified in the fully coupled WRFHydro and are different to the default values used in our standard WRF setup and respective simulations. We argue here that the differing parameter settings in WRF-Hydro complement the routing extensions of WRF-Hydro and allow them to be effective. The changes, that is, the calibration, are necessary because the default Noah-LSM is strictly one dimensional in nature. Precipitation amounts, which enter the soil column, can only be removed by means of evaporation, root uptake, or percolation. Other processes that are included in the hydrological enhanced WRF-Hydro like exfiltration, reinfiltration, or lateral movement are neglected and must be compensated for by appropriate parameter settings.
Ensemble Setup
The particular aim of the paper is to assess the role of terrestrial lateral water flow on the components of the water cycle by comparing WRF and WRF-Hydro simulation results. To separate the changes induced by WRF-Hydro from those originating from random noise due to nonlinearities in the model equations, also referred to as internal model variability, two ensemble sets of five WRF and WRFHydro simulations are generated. Ensemble diversity is introduced by using a daily lagged model initialization approach (e.g., Laux et al., 2017) , which ensures that the members of each ensemble differ only in their initial conditions. Hence, each result from an individual ensemble member can be considered as a sample from a solution space that is governed by identical boundary conditions (e.g., Christensen et al., 2001) .
As the study period extends from 1 June to 31 August 2005, the ensemble members are initialized from 25 to 29 May 2005, which gives each ensemble member a period of 3 to 7 days to fully develop smallscale atmospheric features. To ensure that this time frame is sufficient, kinetic energy spectra were 
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Journal of Geophysical Research: Atmospheres computed using the method described in Skamarock (2004) . The evaluation of the spectra of the innermost domain (not shown) led us to the conclusion that 48 hr of atmospheric spin-up are sufficient to generate the high-resolution details.
Soil variables, on the other hand, are known to have much longer timescales (e.g., Hong & Kanamitsu, 2014) . Thus, each ensemble member is initialized with the soil moisture contents from a corresponding WRF/WRFHydro spin-up simulation initialized on 1 May 2004, in order to allow the soil moisture fields in the different model runs to come into equilibrium with their different physics conceptualizations.
Finally, it has to be noted that no interior nudging techniques were applied, so that the model physics can act freely apart from the forcing at the boundaries of domain 1 and the prescribed sea surface temperatures.
Study Region and Period
In this study, the WRF and WRF-Hydro model systems described above are applied to a region covering Southern Germany and the Eastern Alps. The main region of interest is an area covering several prealpine/alpine catchments of different sizes and properties (see Table 3 and Figure 4 ).
The river Inn, a tributary of the Danube, is the largest catchment within the study region and one of the longest alpine rivers with nearly two thirds of its catchment covering the Alps and the countries of Switzerland, Italy, Austria, and Germany. Unlike the other catchments presented in this study, this catchment also includes glaciated areas in the southwestern part of the basin.
The second largest catchment is the one of the river Isar, which originates in the Austrian northern limestone Alps and includes two upstream subcatchments of the rivers Rißbach and Jachen, which are both characterized by a relative natural state.
The third largest catchment is the river Tiroler Achen (Großache in Austria). While the upper parts are mostly in a natural state, lower areas are characterized by hydraulic constructions. In the late 1990s, parts of the river course were renaturized in the context of flood mitigation projects.
The upper river Ammer is a torrential stream. It becomes modified by straightening and canalization when crossing settlements and clears a 25-km-long gorge before reaching the gauge in Peißenberg.
It is noted that especially the larger catchments are affected by water management infrastructure. Weir sites and hydropower plants are located along the course of the rivers Inn and Isar. In addition, there is a managed reservoir upstream of the gauge Munich, serving for flood protection and ensuring a minimum flow amount during dry periods. A lake upstream of the gauge Peternerbrücke in the Jachen catchment also functions as a reservoir for hydroelectricity generation. Hence, a positive bias in simulated streamflow amounts can be explained at these gauges.
The terrain of the previously mentioned catchments was shaped during the quaternary glaciation and is dominated by complex glacial landforms and topography with strongly varying soil types. Elevations within the catchments range from 4,049 m (Piz Bernina in Switzerland) to 420 m above sea level at the gauge Wasserburg. Generally, the landscape can be characterized by a high heterogeneity in terms of land use, geology, pedology, and terrain. Geological units include from south to north the Austroalpine basement rocks, followed by a graywacke zone and a fractured limestone zone at the northern alpine range. The flysch zone and folded and unfolded molasses dominate the adjacent alpine foothills. The soils are to a large part the product of the last glaciation and the following soil building processes during the postglacial period. The dominant land use follows an elevational gradient starting with barren or sparsely vegetated areas in the higher elevations, followed by coniferous forests and finally areas characterized by human activities like settlements or agriculture in the valleys and lowlands.
The climate in the study region is characterized as cool and humid. Rainfall amounts vary greatly depending on the location; for example, over the northern alpine front range, yearly rainfall amounts can reach values well beyond 2,400 mm due to orographic precipitation enhancement. Alpine dry valleys on the other hand are well protected from frontal precipitation and therefore receive much smaller amounts, as low as 600 mm/year. Areas in the lower northern parts of the study region receive a mean annual precipitation amount of up to 1,050 mm. Thirty to forty percent of the annual precipitations falls during the summer months of June, July, and August. The mean annual temperature follows a northsouth gradient that ranges from 7 to 8°C in the north to subzero values at the glaciated areas of the Inn catchment (German Weather Service and Austrian Central Institute for Meteorology and Geodynamics).
The study period extends from 1 June to 1 September 2005. The year 2005 is chosen specifically because of the availability of sufficient observational data and the occurrence of a significant flood event on 22-23 August 2005, whose high magnitude combined with preceding periods of low flow provided a good test of hydrological model performance. During this flood event, the observed streamflows in most of the prealpine catchments reached magnitudes with recurrence periods greater than 100 years. This event was caused by an atmospheric low-pressure system that moved on a path from the Adriatic Sea to the northeast in direction of the Baltic Sea. This system generated copious moisture convergence along the Alps mountain front and the forced orographic lifting along with synoptic-scale frontal dynamics resulted in observed 24-hr rainfall totals that reached 217 mm at some regional measurement stations (Bayerisches Landesamt für Umwelt, 2007).
Methods
Evaluation of Uncoupled WRF-Hydro
Prior to executing the fully coupled WRF-Hydro simulations, a 3-month period in June-August 2005 is simulated with the uncoupled version in order to assess the hydrological component of WRF-Hydro. In this uncoupled configuration the LSM-specific variables and input are initialized with data taken from a WRF simulation for the period 1 May 2004 to 31 August 2005, with exception of the precipitation fields generated from interpolated hourly point observations and a daily gridded precipitation product (REGNIE; Rauthe et al., 2013 ) with a spatial resolution of 1 km. Both observational data sets were made available by the German Weather Service. This precipitation information is only available for Germany, so that only the river catchments entirely located in Germany, that is, the Ammer and Jachen catchments, are considered for this uncoupled WRF-Hydro simulation.
The uncoupled WRF-Hydro model-simulated streamflow values are evaluated against observed hourly streamflow at the gauges of Peissenberg in the Ammer catchment and Peternerbrücke in the Jachen catchment ( Figure 3 ). The performance measures used for assessing the model skill are the Pearson correlation coefficient, Nash-Sutcliffe efficiency (NSE; Nash & Sutcliffe, 1970), Kling-Gupta Efficiency (KGE; Gupta et al., 2009; Kling et al., 2012) , and percent bias, and results are discussed in section 5.1. A description of the NSE and KGE performance measures can be found in the Appendix.
Evaluation of Fully Coupled WRF-Hydro
A preliminary step before assessing the added value of the enhanced treatment of hydrological processes in fully coupled WRF-Hydro is to compare WRF and WRF-Hydro results with observations. The observational data
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Journal of Geophysical Research: Atmospheres sets used in this study are the E-OBS products RR and TG for precipitation and temperature (Haylock et al., 2008) . These data sets are provided on a 0.22°rotated grid. For evaluating the model skill in reproducing these gridded data sets in terms of mean error, root-mean-square error, and Pearson correlation coefficient, model results are resampled to the observational grid.
Discharge from the fully coupled WRF-Hydro is compared to the uncoupled WRF-Hydro discharge and gauge data. Results from this model evaluation are discussed in section 5.2.
Joint Atmospheric-Terrestrial Water Budget
Several coupled atmospheric-hydrological modeling studies have shown the potential role of surface and subsurface lateral water flow on precipitation (e.g., Anyah et al., 2008; Arnault et al., 2016; , Larsen, Højmark Rasmussen, et al., 2016 Maxwell et al., 2011; Rahman et al., 2015; Senatore et al., 2015; Wagner et al., 2016) . Indeed, lateral terrestrial water flow redistributes soil moisture, which then potentially affects surface fluxes, atmospheric boundary layer condition, and finally precipitation. This chain of processes linking surface and subsurface water flow to precipitation can be quantified with a joint analysis of the terrestrial and atmospheric water budgets averaged for a given budget area (e.g., Anyah et al., 2008 )
In (6) ΔS, P, ET, Q sfc , and Q perc (mm) stand for the variation of terrestrial water storage, precipitation, evapotranspiration, (near-)surface runoff, and percolation in the budget area, respectively. The variation of atmospheric water ΔQ is calculated as follows:
In (7) ET and P are already defined above; I (mm) is the sum of atmospheric moisture entering the budget area and O (mm) is the sum of atmospheric moisture leaving the budget area. O is defined as positive, so that the net atmospheric moisture transport in the budget area is given by I-O. These two budget equations of terrestria-(6) and atmospheric water storage (7)-are linked by the precipitation and evapotranspiration terms, so that a change in soil moisture distribution may affect ET and potentially P, which then feeds back to soil moisture.
Following Schär et al. (1989) , equation (7) is used to derive the socalled bulk precipitation recycling ratio β 
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In the following, equations (6)- (8) 
Results and Discussion
Uncoupled WRF-Hydro
Overall, the peak flows at the gauges within the Ammer and Jachen catchments are matched reasonably well (Figure 6 ), which is also reflected by the respective values for NSE presented in Table 3 . During low flow situations the uncoupled WRF-Hydro simulation slightly underestimates streamflow amounts at the gauge Peißenberg, which is compensated by the overestimation of peak flows during the flooding event in August, resulting in a positive percent bias value of 7.4%. Figure 4) . The black circles depict the E-OBS derived amounts, whereas the orange and blue columns show the range from the WRF and WRF-Hydro ensembles.
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Journal of Geophysical Research: Atmospheres Contrarily, the result for the gauge Peternerbrücke exhibits a rather large positive bias, resulting also in a penalty in terms of KGE and percent bias. This is not considered to be weak model behavior but is related to the aforementioned reservoir operation in the catchment.
WRF Versus Fully
Coupled WRF-Hydro 5.2.1. Soil Moisture Figure 7 shows average differences in column-integrated soil moisture content between the WRF-Hydro and WRF ensemble during the study period in June-August 2005. The WRF-Hydro ensemble mean shows values for total column of soil moisture that are noticeably higher than those of the WRF ensemble for most areas within domain 3. This increase in soil moisture content is related to a reduction in WRFHydro percolation amounts and the subsequent redistribution of excess soil moisture (above field capacity) via the routing mechanisms, as illustrated by the fact that the spatial soil moisture patterns closely follow the ones of the percolation scaling factor (see equation (5) and Figure 5c ).
Precipitation
The 3-monthly precipitation totals from the WRF and WRF-Hydro ensemble means are compared to the gridded precipitation product E-OBS RR in Figure 8 . The observational product displays a maximum over the eastern parts of the Alps and minima in the lowland regions to the south and to the north of the domain. Both ensembles mainly overestimate precipitation amounts in the western part of the domain and in the Alpine region but underestimate precipitation amounts in the northeastern part of the domain. Local differences of the order of ±10% are found. A comparison with REGNIE precipitation confirms this result for the German part of the domain (not shown).
The ensemble mean precipitation totals, averaged over the study region, are nearly identical with 578 mm simulated by the WRF and 586 mm by the WRF-Hydro ensemble. In comparison to the E-OBS data set, this corresponds to a small positive bias of 6.03% (WRF) and 7.46% (WRF-Hydro) respectively, in which the WRF-Hydro ensemble members generate a larger range (0.04% to 18.74%) than the WRF members (0.07% to 15.04%). Taking into account the remarks of Prein et al. (2016) regarding the reliability of the E-OBS data set for regions with complex terrain and a low station network density, the positive model bias could also partially be the result of underestimating precipitation extremes in the observational data set. Note. NSE = Nash-Sutcliffe Efficiency; KGE = Kling Gupta Efficiency; PBIAS = percent bias; JJA = June, July, and August. 
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Nevertheless, a comparison with the results of Katragkou et al. (2015) , who evaluated six long-term WRF simulations with different parametrizations for the European Coordinated Regional Climate Downscaling Experiment domain against the E-OBS data set, shows that our results are generally in line with respect to an overestimation of precipitation amounts in the Alpine region during the summer months. The reduced range within the ensemble members and the nearly identical ensemble means and spatial patterns presented in this study can be explained by the fact that individual ensemble members share the same forcing data and the same parametrizations in terms of cloud microphysics, radiation, and cumulus and planetary boundary layer parametrization. WRF multiphysics ensemble studies showed that especially the latter two parametrizations mentioned above are considered to have the strongest impact on simulated precipitation amounts (e.g., Di Luca et al., 2014; Evans et al., 2012; Ji et al., 2014; Klein et al., 2015) .
Daily variations of precipitation in the study region are relatively well captured by both model ensembles, as shown in Figure 9 , with a mean correlation coefficient of 0.76 (see Table 4 ). WRF-Hydro slightly increases the range in mean error and root-mean-square error among the ensemble members, suggesting that the additional terrestrial processes resolved in WRF-Hydro increase the internal model variability.
The range in ensemble basin-averaged precipitation is particularly increased on 9-10 July and 22-23 August, as shown in Figure 9 . The first event was caused by a midtropospheric low-pressure system moving from the Northern Sea toward the Alps, as documented by Zängl (2007) . In both model ensembles, the lower part of the trough on 9 July is considerably stronger in comparison to the reanalysis data (not shown), thus increasing the northeasterly moisture inflow toward the Alps and increasing simulated precipitation in the study region. Figure 10a suggests that the large range in simulated basin-averaged precipitation among the ensemble members is related to differences in the location and intensity of the simulated low-pressure system among the ensemble members. More particularly, the variability in the location and strength of the simulated low-pressure system is enhanced as the system approaches and crosses the Alps. This may be related to increased variability in resolved atmospheric processes at the 3-km resolution of domain 3. Additionally, Figure 11 . As in Figure 9 except for observed and simulated daily average 2 m-temperature T (°C) in the study region. Note. ME = Mean Error; RMSE = Root-Mean-Square Error; JJA = June, July, and August.
Journal of Geophysical Research: Atmospheres resolved lateral terrestrial water flow in WRF-Hydro potentially further enhances this model variability, as suggested by the larger variety of simulated trajectories among WRF-Hydro members shown in Figure 10a .
The second event on 22-23 August is associated with the centennial flood described above. The atmospheric condition during this event is similar to the one on 9-10 July, although there is more agreement in the location of the low-pressure system among ensemble members, as displayed in Figure 10b . Accordingly, the range in ensemble precipitation on 22-23 August is not as large as on 9-10 July (see Figure 9 ). This may be related to the fact that the trajectories of the low-pressure system do not cross domain 3, thus reducing the influence of additional variability introduced by the inner domain.
Near-Surface Temperatures
On a daily timescale both models are performing similar with respect to simulated near-surface temperatures in the study region (see Figure 11 and Table 5 ). Daily variations from the observational E-OBS data set are relatively well captured by the models, with a mean correlation of 0.97. Both models exhibit a slight cold bias with values ranging from À0.4 to À0.6°C, which is comparable with other studies conducted for this region (e.g., Katragkou et al., 2015) . On given days the model underestimation can reach a magnitude of 2°C. In average, WRF-Hydro is slightly colder, which is related to an increase in evapotranspiration, as discussed in section 5.3. The small difference in near-surface temperatures between WRF and WRF-Hydro is linked to the fact that evapotranspiration is not soil moisture limited in the study region (e.g., Koster et al., 2004) , so that on average a different treatment of soil moisture between WRF and WRF-Hydro is not expected to strongly affect surface heat fluxes and near-surface temperature.
Discharge
Simulated hydrographs and flow duration curves from the WRF-Hydro ensemble are shown in Figures 12 and  13 . The distribution of observed streamflow amount is generally well captured, except for the baseflow amounts, which are underestimated in the case of rivers Ammer, Inn, and Rißbach, and overestimated in 
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Journal of Geophysical Research: Atmospheres the case of rivers Isar and Jachen ( Figure 13 ). Apart from the dependency on the precipitation amounts produced by the atmospheric model, this is thought to be related to an oversimplistic baseflow parametrization and the limitation of the model to a soil column of 2 m (see section 3). In addition, catchment-specific characteristics have to be considered. In case of the river Inn, the underestimation of streamflow in the first third of the study period is likely related to underestimated snow amounts in the higher elevations of the catchment and therefore the lack of snowmelt contributing to streamflow. The Note. ME = Mean Error; RMSE = Root-Mean-Square Error; JJA = June, July, and August.
Journal of Geophysical Research: Atmospheres gauges Munich and Peternerbrücke are influenced by upstream reservoirs, exerting a dampening effect on the streamflow response to rainfall.
Depending on the gauge and the ensemble member, the simulated peak flow of the flood event during 22-23 August is equalized or surpassed by the flow amount from the event of 9-10 July. This is related to the large variability in modeled precipitation amounts and general overestimation during that period, as discussed in section 5.2.2. Accordingly, some members exhibit a near-zero or even negative NSE, as shown in Table 6 . However, this reduced performance skill is probably not related to a pervasive systematic error structure within the hydrologic model part, given the high NSE obtained with the uncoupled WRF-Hydro forced with observed precipitation (see Figure 6 and Table 3 ).
Due to the high sensitivity of NSE toward peak flows, KGE was introduced as an additional performance measure to get a more balanced view of model skill by also taking bias and variability of simulated streamflow into consideration. With respect to the high variability in simulated precipitation by atmospheric models, KGE is considered as more appropriate to validate the realism of simulated streamflow amount from a fully coupled atmospheric-hydrological model. The range of KGE values among ensemble members for all catchments spans from 0.05 to 0.71. This suggests that, overall, the coupled WRF-Hydro model is able to reasonably capture the dynamic responses of both small and large runoff events, when simulated precipitation amounts are close to the observed quantities (see Table 7 ). Note. JJA = June, July, and August; r = Pearson Correlation Coefficient; NSE = Nash-Sutcliffe Efficiency; KGE = Kling Gupta Efficiency; PBIAS = percent bias. Figure 14 shows the ensemble mean and range of the 14-day filtered terms of the differential terrestrial water budget (equation (6)) between WRF and WRF-Hydro members. Unlike in Senatore et al. (2015) and Arnault et al. (2016) , it is found here that WRF-Hydro increases the amounts of surface runoff and reduces percolation, although WRF-Hydro allows for reinfiltration of infiltration capacity excess which tends to reduce surface runoff. Indeed, the study region is characterized by high elevation in the southern part, which is not the case of the South Italian and West African catchments in Senatore et al. (2015) and Arnault et al. (2016) , respectively. Steep slopes are expected to increase exfiltration from fully saturated soil columns and add more surface runoff, which is the dominant process in this case. Modified infiltration parameters (section 2.3 and Figure 5 ) are also considered to play a role here. In particular, both the reduction of REFKDT and increase of REFDK contribute to the increase of near-surface runoff amounts in the WRF-Hydro simulations. Moreover, the decrease of the SLOPE parameter reduces the percolation and increases the exfiltration process, thus further enhancing the near-surface runoff generation.
Storage differences between the two simulations are closely related to differences in precipitation amounts and show a high variability, as illustrated by the ensemble range (see Figure 14 , right). Still, WRF-Hydro generally produces larger evapotranspiration amounts in comparison to WRF, in relation with a general increase of soil moisture content in WRF-Hydro simulations (see Figure 7) . Figure 15 illustrates the ensemble mean and range of the 14-day filtered terms of the differential atmospheric water budget (equation (7)) between WRF and WRF-Hydro ensembles. It shows that evapotranspiration differences between the WRF and WRF-Hydro simulations are small in comparison to the other terms of the budget and that precipitation differences are mainly related to differences in atmospheric water transport through the budget area, that is, I-O in equation (7), as, for example, in Kerandi et al. (2018) . This suggests that the precipitation differences between WRF and WRF-Hydro members in the budget area are mainly driven by internal model variability and that the increase of evapotranspiration amounts in WRF-Hydro has a minor contribution. Figure 14 except for the differential atmospheric water budget (mm/day) between the WRF-Hydro and WRF ensembles (equation (7)). The transport term refers the sum of inflow and outflow of atmospheric water in the budget area, that is, the term I-O in equation (7). Figure 16 . As in Figure 14 except for the bulk recycling ratio of the WRF and WRF-Hydro ensemble mean (equation (8)).
Atmospheric Water Budget
Nevertheless, in situations where WRF-Hydro increases the mean precipitation amounts, the associated increase in mean evapotranspiration amounts has a comparable order of magnitude, as, for example, during 12-28 June. The contribution of evapotranspiration to precipitation in the budget area may be amplified during such periods.
The contribution of evapotranspiration to precipitation in the budget area is further quantified with the bulk recycling ratio β of equation (8), displayed in Figure 16 for the WRF and WRF-Hydro ensemble means. Values of β vary between 4% and 10% for the considered 450 × 420-km 2 source area. During periods with relatively high β, the WRF-Hydro-induced increase of evapotranspiration amounts is expected to have a larger contribution on precipitation in the budget area, as, for example, during 18-23 June. This is thought to be related to atmospheric conditions characterized by weak synoptic forcing and a reduced contribution of atmospheric moisture inflow. Hence, we conclude that the differences between WRF and WRF-Hydro precipitation amounts are entirely driven not only by internal model variability, as it is the case during episodes with strong synoptic forcing, but also by the regional recycling of increased evapotranspiration under weak synoptic forcing.
Summary and Conclusion
The hydrologically enhanced WRF-Hydro model has been used to simulate the land-atmosphere system in Southern Bavaria and the southerly adjacent Eastern Alps during June-August 2005. The uncoupled variant of WRF-Hydro was calibrated for a catchment in Southern Bavaria, using observed precipitation from the German Weather Service, yielding NSEs of about 0.9. Based on the calibration of the uncoupled model, a set of five time-lagged WRF-Hydro members was generated. In order to compare and assess the respective impact of internal model variability and lateral terrestrial water flows on the modeled water cycle, an additional set of five time-lagged WRF members was produced.
In general, a comparison between the two ensembles shows that the WRF-Hydro members increase the column-integrated soil moisture content as well as evapotranspiration, in relation with a reduced percolation. A joint atmospheric-terrestrial water budget analysis revealed that the increase of evapotranspiration slightly affects the average precipitation amounts in the simulation domain, especially when the atmospheric conditions favor a relatively high bulk recycling ratio. However, there is a large range in the domain-averaged precipitation amounts among ensemble members, which is mainly related to a large range in the inflow and outflow terms of the atmospheric water budget caused by the internal model variability.
For the event in 9-10 July, a large variability with respect to the location and strength of the associated low-pressure system was found in the WRF and WRF-Hydro members as it was crossing the Alps, leading to a large range in simulated precipitation amounts. This variability was enhanced in the WRF-Hydro ensemble in comparison to the WRF ensemble, potentially as a result of resolved lateral terrestrial water flows in WRF-Hydro.
Simulated streamflow in the WRF-Hydro members showed a wide spread in performance measures, as simulated streamflow highly depends on simulated precipitation (e.g., Rasmussen et al., 2012) . Nevertheless, NSEs up to 0.6 and KGEs up to 0.7 could be achieved, even in small headwater catchments.
Overall, this study shows that fully coupled atmosphere-hydrology simulations are able to reproduce observed river runoff with a reasonable performance. Considering that the model is only driven by the ERA-Interim reanalysis at the boundaries of the outermost domain, it can be concluded that this is a major step in hydrological modeling, particularly because traditional hydrological models are usually driven by observed precipitation. The uncertainties due to internal model variability have been approached by an ensemble experiment. In terms of simulated precipitation and streamflow amounts, the results underline the necessity for ensemble simulations.
Given the steadily improving computational resources, further research will allow the investigation of landsurface atmosphere interactions in multidecadal climate projections. In this regard, the WRF-Hydro model seems to be one of more state-of-the-art fully coupled modeling systems that are particularly suitable for land use change impact studies due to the improved representation of terrestrial hydrology.
